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Abstract

The symmetry breaking of a lean premixed laminar methane/air flame, propagating in an horizon-

tal narrow tube of internal diameter `i = 5 mm, is investigated experimentally and numerically.

The methane/air flame numerical simulations performed include complex molecular transport and

the fully coupled solving of heat transfer at and within the wall. In place of a symmetrical flame,

experiments show the stability of a slanted flame with a preferential anchoring at the top. This is

observed for both flames freely propagating along isothermal (T = 300 K) walls, and flames stabi-

lized by the incoming flow and thermally coupled with heat transfer inside the walls. Numerical

simulations with and without gravity demonstrate its preponderant contribution in the symmetry

breaking. The slight flow stratification is sufficient to break the symmetry, with a dominant role

of the baroclinic torque, leading to a specific deviation of the incoming streamlines observed both

experimentally and numerically.
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1. Introduction

In small-scale combustion, a vast amount of studies consider the problem as symmetric, either

with respect to the middle plane in a flat channel or to the centerline in a tube [1–12]. However,

recent numerical [13–16] and experimental [17, 18] studies reveal the apparition of non-symmetric

flame shapes for various conditions. Depending on the configuration, the physical phenomena

susceptible to break the symmetry are numerous and the objective of this work is to focus on the

role of gravity.

Aside from gravity, at least three generic types of instabilities have been discussed in the

literature, which could potentially promote a non-symmetrical laminar flame behaviour, namely

Darrieus-Landau [19, 20], viscosity-induced Saffman-Taylor [21] and diffusive-thermal [22, 23]

instabilities. The Darrieus-Landau instability is an amplification of the flame surface by hydro-

dynamic disturbances coming from gas expansion [24]. It was introduced to explain the pre-

dominance of slanted against symmetrical tulip-shaped flames, for a tube diameter exceeding a

hundred times the flame thickness δF [13]. However, because this instability requires a mini-

mal characteristic length to develop, such an asymmetry was not observed for lower diameters

as those considered in this study (about 15δF). On another hand, the viscosity-induced Saffman-

Taylor (S-T) instabilities [21, 25] are typical of combustion in narrow channels, as a result of

viscous-induced pressure gradients, which are favoured by small channel dimensions [26]. In the

development of the diffusive-thermal instabilities [22, 23], the Lewis number (Le) was found as a

key parameter. For Le < 1, the existence of non-symmetric flames is discussed in various stud-

ies [14–17, 27, 28]. Besides, in the context of a thermo-diffusive model, Le > 1 flames with very

low mass flow rate are also found asymmetric [15] and vibratory instability of the planar flame

in the tube can develop [29]. Unity Lewis flames have been found symmetric when approaching

the micro-combustion scale [9] and a stability analysis including heat loss also reports that unity

Lewis number symmetric flames are stable [30]. All of these studies do not include the gravity in

the analysis.

In small-scale combustion, gravity is often neglected because the Froude number (Fr), inversely
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proportional to the characteristic length of the system, is expected larger than unity. For instance

for methane burning in air under a fuel lean condition,

Fr =
S o

L
2

g × `i
= 1.59 , (1)

where g = 9.81 m · s−2 denotes the acceleration of gravity, S o
L = 28 cm · s−1 is the methane/air

adiabatic flame speed at equivalence ratio 0.8 considered in this study [31] and `i = 5 mm is the

characteristic length of the tube diameter or channel width. Nonetheless, having S o
L

2 > g × `i

indicates that gravitational effects do not fully drive the flame dynamics, but not necessarily that

they can be completely neglected.

Experiments of flame propagation in horizontal tubes show the appearance of slanted flames

with a preferential direction [17, 18]. So far this observation was explained by a flame stabilisation

mechanism influenced by the free convection in the air surrounding the tube. A decrease of the

Nusselt number toward the top of the cylinder, as the outside boundary layer thickens, has been

reported in thermal and flow plume developing around heated tubes [32–34]. The plume insulates

the cylinder from the surrounding air and the reaction zone in the upper part of the tube is then

submitted to a lower heat transfer coefficient. Then gravity is driving the flame shape indirectly

by affecting the flow surrounding the tube. A direct influence of gravity inside wide tubes was

also discussed in the literature using a model equation for flame propagation [35], with buoyant

induced effects affecting the flame shape inside the tube.

The objective of this paper is to progress on the understanding of these ‘internal’ gravity ef-

fects occurring inside the narrow combustion chamber by combining experiments and numerical

simulations. The experimental and numerical set-up are first described. Then, the overall flames

properties are reported, flames which are asymmetrical in all the conducted experiments. Two

cases are studied, a flame freely propagating above an iso-thermal cold wall and a flame fixed in

the laboratory frame, i.e. stabilised by the incoming flow, the latter subjected to strong coupling

with wall heat transfer. The experimentally observed flame shape is reproduced by the simula-

tion only in the presence of gravity and the breaking of symmetry is explained by the change of
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behaviour of the baroclinic torque across the flame front after introducing gravity.

2. Experimental and numerical set-up

2.1. Experimental configuration

The experimental set-up shown in Fig. 1 consists in a `i = 5 mm inner diameter and ew = 1 mm

thick quartz tube placed in horizontal position. The methane/air fresh mixture at a temperature

To = 300 K flows from the left to the right at an equivalence ratio of 0.8, with a Reynolds number

of about 50. The length of the tube is 200 mm. The mixture is first ignited at the free end of the

tube xe = 150 mm, then the mass flow rate is decreased for the flame to enter the tube, which

may be stabilised at a given position for a bulk velocity of the incoming flow balancing its burning

velocity.

The quartz was chosen for its thermal and optical properties, allowing for a direct visualization

of the flame and its propagation. The diameter was fixed right above the quenching diameter of

the mixture, according to the analysis reported in [36].

x(mm)0
100-d-40 150-50

Figure 1: Schematic view of the experimental set-up composed of a quartz tube of `i = 5 mm inner diameter and
ew = 1 mm thickness, inside which a lean methane/air mixture is injected. The inlet (xi = −50 mm) is connected to the
mass flow controllers while the outlet (xe = 150 mm) is in open-air, where the flame is first ignited to then propagate
inside the tube.

Two mass flow controllers (EL-FLOW Bronkhorst) with 0-700 Nml/min range for air and 0-

70 Nml/min for methane are enslaved to command the velocity and equivalence ratio of the flow.

A mixture chamber prior to the quartz tube entrance (not shown in Fig. 1) secures the premixing

of the gas. With a precision of 0.35 mL/min, the mass flow controllers allow to adjust the bulk

velocity to stabilize the propagating flame. The position and the motion of the flame in the tube is

tracked by a camera (Nikon 7000D - Lens micro Nikkor 60 mm f/2.8G) recording videos, which
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are then decomposed in series of individual pictures. To observe accurately the flame front, and

especially the CH∗ chemiluminescence, a band-pass interference filter centered at 430.0 nm with a

fwhm of 10 nm (±2 nm) and 40% minimum peak transmission is used.

Case Wall seen by the flame Vbulk [cm · s−1] Vp [cm · s−1] tcd/tres S L [cm · s−1]
(i) Heat-conductive 23.10 ≈ 0 ≈ 0 23.10
(ii) Iso-thermal 20.70 0.46 53 21.16

Table 1: Experimental conditions. Lean premixed methane/air flame (φ = 0.8). Vbulk~x is the bulk flow velocity. −Vp~x
is the flame front velocity in the laboratory frame (see Fig. 1 for axis). tcd is a characteristic heat conduction time in
the solid. tres is a flame residence time. S L is the burning velocity.

The flame is examined, (i) stabilised by an adjusted incoming flow matching the overall burn-

ing rate and (ii) during an upstream propagation after decreasing the mass flow rate. Because

the heat diffusivity is much larger in the gas than in the solid, in case (ii) the flame propagates

along an almost iso-thermal wall. In case (i), the stabilisation mechanism of the steady flame

depends on complex heat exchanges with the wall, including heat transfer between the gas and

the wall, conduction of heat in the solid wall and convective heat transfer between the outside

wall and the environment [16, 37]. The slowest thermal exchanges occurring in this configura-

tion is heat conduction through the quartz wall, featuring a characteristic time tcd = e2
w/αs, where

αs is the quartz thermal diffusivity [38]. A flame residence time tres = δF/Vp is defined from

δF = αg/S o
L = 94.2 µm, a characteristic flame thickness and −Vp~x, the absolute velocity of the

flame front in the laboratory frame, where αg denotes the fresh gases diffusivity. For tcd/tres < 1,

the budget of heat fluxes reaches a steady state with a non-isothermal wall. In practice this is ob-

served experimentally when Vp → 0, representative of a stabilised flame (case (i)). For the ratio

tcd/tres >> 1, the wall temperature at the flame position stays of the order of 300 K and the flame

propagates over an iso-thermal wall (case (ii)). These two operating points are summarised in

Table 1. The burning velocity, S L = Vbulk + Vp, where Vbulk is the bulk velocity of the incoming

fresh gases, increases by 9.17% between the flame moving upstream and the stabilised one. This

enhancement of the burning velocity results from heat retrocession by the wall to the flow slightly

upstream of the stabilised flame front, a mechanism which has been revisited recently in [37]. The
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increase in amplitude of the flame speed depends on the amount of heat release and therefore on

the equivalence ratio of the mixture.

2.2. Numerical set-up

To verify that the studied gravity mechanisms do not depend significantly on the very detail of

the flow configuration, and also because experiments in the flame tube show no sign of azimuthal

effects, the most simple case of a planar channel is numerically studied in two-dimension, with a

channel height `i = 5 mm and quartz walls of thickness ew = 1 mm, thereby with characteristic

lengths similar to the experimental ones.

The fully compressible form of the unsteady conservation equations of mass, momentum and

total sensible energy are integrated with a finite volume method on a Cartesian grid with the

SiTCom-B flow solver [39–42]. Fourth-order skew-symmetric-like scheme for the convective

fluxes [43] and fourth-order centered scheme for the viscous and diffusive fluxes, are used for

spatial integration. Time advancement is performed with a Runge-Kutta scheme of order four.

Due to CFL stability restrictions and spatial resolution, the time step is limited to 16 ns approach-

ing the steady state. One-dimensional NSCBC [44] are employed for inlet and outlet boundary

conditions. The molecular transport properties of the gaseous mixture are computed following

the Curtiss and Hirschfelder approximations [45]. A two-way flow/solid coupling is organised to

solve heat transfers between the gas and the wall. The coupling procedure proposed in [46] is

employed for parallel computation in the two solvers. The alternate direction implicit Douglas-

Gunn method [47] is adopted to solve for the temperature in the solid. The exterior wall surface

exchanges energy with the surrounding air at 300 K, with a heat transfer convective coefficient

30 W · m−2 · K−1 and by radiation, through a gray body hypothesis with an emission coefficient de-

caying linearly from 0.95 at 290 K to 0.75 at 1800 K. The wall thermal conductivity and capacity

are the ones of fused quartz tabulated versus temperature from [38]. The density of the solid wall

is fixed at 2200 kg · m-3. Due to the large difference in the characteristic time scales of internal

energy evolution in the solid and the flow, a de-synchronization method is employed when con-

verging toward the steady state solutions [48]. More details concerning the set of equations solved
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along with the boundary conditions of the present case studied may be found in [37].

The origin of the axial coordinate (x = 0) is set at the flame position taken as the peak heat

release rate on the axis of symmetry. The mesh extends from -51 mm to the left in the fresh gases

to 15 mm to the right in the burnt gases. This domain is long enough to capture the upstream heat

diffusion through the wall while ensuring a zero velocity gradient in the streamwise direction at

the inlet. The mesh is composed of regular squares of resolution δx = 25 µm from the inlet down to

x = 9 mm. It is then progressively coarsened in the longitudinal direction down to the outlet, with

a geometric coefficient of 1.0025. The spanwise mesh resolution does not vary in this Cartesian

grid and is fixed to δy = δx, resulting in a mesh composed of 512k cells.

A specific procedure is applied to rapidly determine the inlet bulk velocity, so that the incoming

flow balances the two-dimensional flame burning velocity. As in previous works [37, 49], this is

achieved by measuring the progression velocity of the methane iso-surface relative to the flow, at

the location of its peak burning rate, to adjust the incoming velocity accordingly.

A reduced chemical mechanism composed of 17 species and 53 reactions has been specifically

developed based on the GRI-1.2 mechanism [50] (Table 1 of supplemental material) using the

ORCh (Optimised and Reduced Chemistry) approach [51], targeting the flame speeds and species

profiles of freely propagating premixed flames for various levels of heat loss up to quenching and

auto-ignition in homogeneous reactors at various initial temperatures. The reference adiabatic

flame speed with the detailed scheme for the equivalence ratio φ = 0.8 is S o
L = 28.40 cm · s−1 and

the reduced scheme leads to S o
L = 28.56 cm · s−1. Representative species and temperature profiles

compared in the one-dimensional flames at equivalence ratio φ = 0.8, between the detailed and

reduced schemes are given in the supplemental material.

Wall boundary conditions similar to the two experimental cases of Table 1 are considered,

i.e. (i) heat-conductive with all heat transfers active and (ii) iso-thermal (T = 300 K). In the two-

dimensional iso-thermal channel with gravity, the flame burning velocity is S L = 24.95 cm · s−1,

to become 27.09 cm · s−1 with wall heat-transfer. As it should, the absolute values of these flame

burning velocities differ between the axi-symmetric tube in the experiment (Table 1) and the two-
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dimensional channel in the simulation. However, the relative increase in burning velocity between

iso-thermal and non-isothermal wall cases are quite close, 9.17% in the experiment and 8.57 % in

the simulation, which brings some confidence in the retained strategy.

3. Analysis of gravity effects

3.1. Case (i): Flame stabilised with heat-conductive wall

The flame stabilised by an incoming flow exactly balancing its burning rate is considered at first

(case (i) of Table 1). The CH∗ chemiluminescence is collected in the experiment over an exposure

time of 2 s and the mean flame emission is represented in Fig. 2 left. The reaction zone makes

an angle with the vertical of 24◦, whereas the numerical simulation without gravity reports a fully

symmetrical flame shape (Fig. 2 top-right). Adding the gravity force in the Navier-Stokes equation

solved, the flame takes a tilt as in the experiment (Fig. 2 bottom-right), even though the simulation

is planar and the experiments axi-symmetrical. The angle of the reaction zone with the vertical is

30◦ in the simulation.

In the case with gravity, the top and bottom close-to-wall edge-flame shapes differ (Fig. 2). The

topology and the relative progression velocity of these edge-flames benefit from the preheating of

the gases upstream of the flame after diffusion of heat inside the wall [37]. Streamwise profiles of

velocity and temperature taken at a distance of 0.7 mm from the top and bottom channel walls are

now analysed. The streamwise component of the velocity is larger at the bottom due to the con-

finement of the flow by the concave flame shape (Fig. 3(a)). This higher velocity goes with smaller

residence times and thus a less efficient preheating by the wall thermal boundary layer, leading to

smaller temperature levels ahead of the bottom edge-flame (Fig. 3(b)). In both experiments and

simulations, the heat release rate is found larger at the bottom than at the top wall edge-flame

(Fig. 2). As pointed out in [52], the burning rate is intensified by the curvature of concave flame

fronts. This enhancement also explains the reduced quenching distance to the wall at the bottom

edge-flame.

Because an eventual modification by gravity of the free convection surrounding the channel is
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not included in the simulation, another mechanism driven by gravity is at play inside the channel.

To isolate this mechanism from heat transfer inside and outside the wall, the flame propagating

over an iso-thermal wall is further examined (case (ii) of Table 1).

3.2. Case (ii): Flame propagating over a quasi-isothermal wall

In the experiment, starting from a stabilised flame (case (i)), the mass flow rate is lowered

to reach the operating point of case (ii), in which the flame proceeds inside the tube over quasi-

isothermal walls. The diagnostics reported above are applied, the recording starts ten seconds

before the mass flow rate modification and is pursued up to a steadily propagating flame. Fig-

ure 4 shows flame images taken initially and then subsequently at 10 and 15 seconds. The flame

inclination is significantly reduced.

The time evolution of the flame angle with the vertical determined from the fitted ellipse is

given in Fig. 5. Starting at a steady state with an angle of 24◦, the propagation state is reached

at which the angle is 3◦, yielding a relative decrease in inclination of 87.5%. This decrease of

angle to the vertical (reduction of inclination) is also observed in the simulation. Snapshots of the

iso-thermal wall simulations with and without gravity are shown in Fig. 6. The angle taken by the

flame with gravity and iso-thermal wall is 6◦, also much less pronounced than in case (i) (30◦).

The relative decrease in inclination of flame simulated is of 80%. The breaking of the symmetry is

thus reported in both experiments and simulations with iso-thermal and cold (T =300 K) wall.
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3.3. Analysis of baroclinic-torque response to gravity in 2D narrow channel

Kazakov [35] discussed in a detailed theoretical analysis the effect of gravity on confined

flames. Body forces generate pressure and density gradients and among the numerous coupling

between density and pressure gradient present in flames, the baroclinic torque is a well-established
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source of vorticity in curved reaction zones [53]

B =
1
ρ2∇ρ × ∇P =

1
ρ2

(
∂ρ

∂x
∂P
∂y
−
∂ρ

∂y
∂P
dx

)
z , (2)

where ρ is the density and P is the pressure. x is the streamwise coordinate (flow direction), y is

the transverse coordinate (gravity acceleration is −gy) and z the coordinate normal to the channel

plane. The balance equation for the vorticity ω = ∇ × u reads

∂ω

∂t
= − (u ·∇)ω︸      ︷︷      ︸

i

+ (ω ·∇) u︸    ︷︷    ︸
ii

−ω (∇ · u)︸    ︷︷    ︸
iii

+ B︸︷︷︸
iv

+∇ ×

(
1
ρ
∇ · τ

)
︸         ︷︷         ︸

v

, (3)

where u is the velocity vector and τ is the viscous tensor. In this two-dimensional case, there is no

change in vorticity due to vortex stretching and the term (ii) in Eq. (3) is zero. (i) is the transport

of vorticity by convection, (iii) is vorticity stretching by density change and (v) is the transport of

vorticity by viscous effects.

In the isothermal case without gravity, approaching the edge-flame close to the wall, the pres-

sure and density gradients in the y-direction feature opposite sign on both sides of the channel

centreline, whereas the density and pressure gradient in the x-direction stay the same. The baro-

clinic torque given by relation (2) therefore changes its sign on both sides of the channel centreline.

This is verified in Fig. 7 displaying the amplitude of the baroclinic torque along the dashed-lines

seen in Fig. 6(a). These plots are versus a reaction progress variable defined from the CO2 mass

fraction normalised by its value in the fully burnt gases (Yb
CO2

= 0.122576), also collected along

the dashed lines of Fig. 6(a). The baroclinic torque in Fig. 7 is positive on upper part of the channel

(Fig. 7(a)) and negative on the bottom part (Fig. 7(b)), confirming the symmetrical effects pictured

by the white arrows in Fig. 6(a). All the terms contributing to the vorticity budget in Eq. (3) are

shown in Fig. 7, along with the total budget, which sums up to zero as expected for both gravity

(lines) and no-gravity (symbols) steady cases. In the case without gravity, all terms change their

sign between the upper and bottom parts of the narrow channel, leading to a fully symmetric stable
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reaction zone. Because the density difference between fresh and burnt gases and flow acceleration

are very close with or without body forces, the amplitudes of the various terms of Eq. (3) are only

slightly affected by gravity. However, accounting for the effect of gravity, the terms are then not

fully symmetric with respect to the channel axis (compare symbols with lines in Fig. 7). Actu-

ally, to elucidate the mechanism that makes the flame to rotate when gravity is introduced, it is

necessary to examine the transient when the body forced is added.

(i)

(iii)

(iv)

(v)

(a) Top line of Fig. 6(a)

(i)

(iii)

(iv)

(v)

(b) Bottom line of Fig. 6(a)

Figure 7: Vorticity budget versus YCO2/Yb
CO2

along the dashed-lines of Fig. 6. Lines: With gravity. Symbols: Without
gravity. Circles: (i) of Eq. 3 . Triangles: (iii). Squares: (iv) Baroclinic torque. Crosses: (v). Stars: budget.

Starting from the converged simulation without gravity, the body force is added and the upper

edge-flame rotation is completed in 16 ms, to reach the slanted flame steady state of figure 6(b).

The introduction of gravity leads to an additional contribution to the baroclinic torque (2), which

may be approximated as
1
ρ2

∂ρ
∂x

(
∂P
∂y

)
g
−

(
∂ρ

∂y

)
g

∂P
∂x

 . (4)

Isolating the effect of gravity, its premier impact is to promote flow stratification with negative den-

sity and pressure gradients in the vertical direction, (∂P/∂y)g < 0 and (∂ρ/∂y)g < 0. Considering

an isentropic flow at rest subjected to gravity, the relative variation of pressure and density defines

the speed of sound c2 = (∂P/∂ρ) > 1. Therefore, the amplitudes of the density and pressure gradi-

ents in the vertical direction and due to gravity may be ranked as (∂P/∂y)g < (∂ρ/∂y)g < 0. Across

the premixed reaction zone, (∂P/∂x) < 0, (∂ρ/∂x) < 0 and (∂T/∂x) > 0. The ranking in pressure
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and density gradient evolves across the flame front (Fig. 8). In the upstream part of the flame front

(∂ρ/∂x) < (∂P/∂x) < 0, while further downstream (∂P/∂x) < (∂ρ/∂x) < 0. These gradients in the

streamwise direction are orders of magnitudes larger than those in the vertical direction, therefore

they may be assumed weakly affected by the addition of gravity. Combining these observations,

the baroclinic torque induced by gravity (Eq. (4)) should be largely positive in the upstream part

of the flame front and decrease after, yielding globally a positive enhancement of the baroclinic

torque across the reaction zone.
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Figure 8: Pressure and density streamwise gradients versus YCO2/Yb
CO2

along the dashed-lines of figure 6(a).
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(iv)

(v)

(a) Top line of Fig. 6(a)

(i)

(iii)

(iv)

(v)

(b) Bottom line of Fig. 6(a)

Figure 9: Deviation of vorticity balance versus YCO2/Yb
CO2

along the dashed-lines of Fig. 6. Dashed-dot: (i) of Eq. 3.
Dotted: (iii). Solid: (iv) Baroclinic torque. Dashed: (v).

To verify this simple scaling, at the time t = 18 µs after adding gravity, the source of vorticity
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is analysed by computing the variation of all the terms of Eq. (3). This variation is measured in the

simulation between their steady state value without gravity (Fig. 7) and their value at t = 18 µs after

gravity addition. In both the upper and the bottom edge-flame close to wall, a positive source of

baroclinic torque is indeed observed, corresponding to a positive source of vorticity (Fig. 9). This

addition of vorticity represents a few percent of the overall baroclinic torque and is located across

the reaction zones, where the longitudinal pressure and density gradients occur. In the top part of

the channel, the streamlines are then less deviated toward the centreline with gravity when crossing

the flame (Fig. 10), leading to their spreading upstream of the flame with a local flow deceleration,

followed by an upstream flame movement (see Fig. 11, dashed line). In the bottom part of the

channel, the opposite mechanism is found, with a highest concentration of the streamlines by the

added vorticity (Fig. 10(b)), leading to a local flow acceleration and a downstream flame movement

(see Fig. 11, dotted line). The net result is a reaction zone that is pushed downstream at the bottom

and pulled upstream at the top to evolve towards a slanted shape.

(a) Without gravity (b) With gravity

Figure 10: Case (ii). Streamlines and flame contours of 10, 30, 50 and 70% of max heat release rate.

4. Conclusion

The effect of introducing gravity in flames propagating in a narrow-channel is studied from

numerical simulations with comparison against experiments conducted in a narrow-tube (channel
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)
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Figure 11: Velocity distribution at a distance of 0.7 mm to the top and bottom wall. xflame: maximum of heat release
on the probed line. No-gravity: symmetrical flame.

of internal width or tube diameter of `i = 5 mm). Experimental measurements and simulation

reports similar trends for flames freely propagating above iso-thermal walls or stabilised by the

incoming flow with strongly coupled heat exchanged with and within the wall. Both flames are

asymmetrical, with an inclination that is less pronounced in the iso-thermal wall case. In the

absence of modification by gravity of the convection on the outside channel wall, the flame is still

tilted, with an anchoring at the upper wall. The heat-retrocession via conduction in the wall and

the thermal boundary layer in the fresh gases upstream of the flame, increase the inclination of the

slanted flames. Following previous works [35], the response of the baroclinic torque to gravity is

explored and results confirm its driving role in such narrow combustion-systems.
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